Summary The growth inhibitory effects of interferons, IFN-ot and IFN-y on human lung cancer cell lines were studies using both a tetrazolium (MTT) colorimetric assay and direct cell counting. Significant discrepancies between the two assays were observed, the MTT assay consistently underestimating the growth inhibitory effects of the IFNs. There was no direct chemical effect of the IFNs on the tetrazolium reduction process. IFN treated cells showed increased cell size compared with control cells, although there was little or no change in cell cycle distribution. Mitochondrial activity was 30-50% greater in IFN-y treated cells (COR-L23) than the controls. Reduced formazan production per cell was observed in medium which had supported cell growth for several days. Differential 'medium conditioning' led to a difference in formazan production per cell between IFN and control cells and this was the major basis of the observed discrepancy. This discrepancy was not due to the differences in the glucose concentrations between these media. However, differences in pH between the media proved to be the major contributory factor of the discrepancy.
The quantitation of total viable cells in order to measure the growth inhibitory effects of a cytotoxic or cytostatic treatment has traditionally been carried out using either haemocytometers or electronic particle counters. These are time consuming and laborious procedures not only intrinsically but also in their requirement that strict single cell suspensions be prepared.
Such problems led to the development of rapid colormetric assays such as the MTT assay -an enzyme based assay described by Mosmann (1983) . MTT is a tetrazolium salt which is reduced to a coloured formazan product by reducing enzymes present only in metabolically active cells. Slater et al. (1963) described how the mitochondrial enzyme succinate dehydrogenase is involved in the reduction of MTT. They have shown that MTT is reduced by the succinate dehydrogenase system via coupling at two points along the cytochrome oxidase systems. Mosmann (1983) was able to demonstrate that under appropriate conditions MTT cleavage and subsequent formazan production is proportional to the number of cells present and that only cells with active mitochondria, i.e. metabolically viable cells, can convert MTT to formazan. It should be noted, however, that there is presently no convincing evidence that the mitochondria are the only site of MTT reduction in the intact cell. We were interested in looking at the growth inhibitory effects of interferons (IFNs) a and y on human lung cancer cells. There are many reports of growth inhibitory effect of IFNs on tumour cells in the literature (Pauker et al., 1962; Taylor-Papadimitriou, 1980 and other authors have shown that both IFN-a and IFN-y have growth inhibitory effects on certain human lung cancer lines. We wished to use the MTT assay in the initial screening of lung cancer lines for their response to IFNs. To establish the validity of this approach a comparison of cell counts and MTT was carried out. The data showed marked discrepancies and this paper describes how these discrepancies were investigated.
Materials and methods

Cell lines
Human lung cancer lines were maintained in RPMI 1640 medium (Gibco Ltd) supplemented with 10% heat inactivated fetal bovine serum (FBS) (Seralab), glutamine and and the fluorescence distribution was measured with the Cambridge flow cytometer using an argon laser at 488 nm (Watson, 1980) and analysis of cell cycle distribution was carried out as described previously (Watson et al., 1977) . (17) 19 (7) 25 (14) 4(7) n=2 n=5 n=4 n=ll COR-L88 71 (5) 30 (2) 18 (10) 9 (7) n=3 n=3 n=3 n=4 COR-L47
Results
70 (0) 44 (5) 54 (10) 23 (6) n=2 n=3 n=6 n=5
aIFNs were added at 4 kU ml-' at day 0 and were left continuously. bFor cell counts experiments, COR-L23 and MOR were set up at I 10 per dish and were counted at day 6. All the other cell lines were set up 4 x 105 per dish and were counted at day 8 except for NCI-H69 which was counted at day 7. For the MTT assay, NCI-H69, POC and COR-L47 were set up at 5 x 104ml-, COR-L23 were at 5 x 103ml-', MOR at 104ml-' and COR-L88 at IO' ml-' and the assay was carried out on day 6. cThe mean value of inhibition in n replicate experiments is given. s.d. in parentheses. Growth inhibition of cells by IFNs The results are given in Table I as a percentage growth inhibition compared to control at the end of a 6-8 day incubation period. It is clear from the data that the MTT assay consistently underestimates the growth inhibitory effects of both IFN-x and IFN-y. This is true for all the lines used.
Influence of IFN treatment on cell size It may be seen in Figure 1 that after IFN treatment, there was increase in the Channel number Figure 1 Influence of IFN treatment on cell size. Cells were set up at the concentrations given in Table I proportion of larger cells; this is true of all the cell lines investigated following both IFN-a and IFN-y.
Rhodamine-123 uptake experiments After IFN-7y treatment there was an average of 40% increase in rhodamine uptake for COR-L23 and there was also an increase in '2Rh uptake by POC cells (average of 21%) that had been treated with IFN-y and to a much lesser extent by NCI-H69 (average of 7%) (see Table II ). Effect of age of medium on formazan production Cells were inoculated into both dishes and multiwell plates with or without IFNs. At daily intervals medium was removed from representative dishes and stored at 4°C in airtight tubes. At day 6, the medium from the multiwell plates was removed and replaced with the various stored media or with fresh medium, after which the MTT assay was carried out. The results are given in Figure 5 . Formazan production by control cells was greatly reduced in the presence of medium which had supported control cell growth for several days but not in the presence of medium taken from IFN-y treated cells. The formazan producing ability of cells resuspended in medium taken from IFN-y Age of medium (days) Figure 5 Effect of age of medium on formazan production. IFN-x or (c) cells with IFN-y had been growing, or with fresh medium, (d) on the day before the assay or (e) on the day of the assay. The results of two experiments are given: in A cells were set up at 5 x l04 ml-' and in B at 6 xl10ml-'. IFNs were at 4 kU ml-' in both experiments.
had supported growth of control cells or of cells with IFNs. A multiwell plate with COR-L23 cells only was set up and incubated for 24 h after which medium was removed from the plate and replaced with medium from control cells which had been incubating for 6 days in dishes, after adjustment of the glucose concentration. The concentration of glucose in medium from control cultures and fresh medium was measured using a glucose kit (Sigma) (the glucose concentrations were 20 and 50 mg dl-' of medium taken from IFN-a and IFN-y treated cells, respectively). Using these values, the glucose concentration of media from control cells was adjusted to that of fresh medium by the addition of exogenous glucose. The results of these experiments (data not shown) indicated that glucose concentration has very little effect on OD, increasing the glucose concentration of old medium did not change the resulting OD.
Effect of pH on formazan production An experiment to investigate whether the differential medium conditioning was due to the differences in pH between medium that had supported growth of control cells or of cells with IFN was carried out. A multiwell plate with COR-L23 cells only (no IFNs) was incubated for 24 h after which the medium was removed from the wells and replaced with medium from 6-day-old dishes or with fresh medium, after pH adjustment. The 6-day medium came either from control cells, IFN-o or IFN-y treated cells. The pH values of these three media were 6.9, 7.0 and 7.2 respectively. The pH of medium from control cells was adjusted by the addition of different concentrations of sodium bicarbonate (NaHCO3). Similarly the pH of fresh medium (bicarbonate free RPMI) was adjusted by the addition of different concentrations of NaHCO3. After the addition of NaCHO3, the media were allowed to equilibrate overnight in a 37°C incubator, after which the pH was measured. These media were then used to replace the 24-hold media in the multiwell plate with COR-L23 cells after which the MTT assay was carried out. The results are given in Figure 6 , and indicate clearly that increasing the pH of medium, whether it is conditioned control or fresh medium, increases formazan production, i.e. the OD. However, the conditioned medium still has lower formazan producing ability at the same pH. Detailed absorbance spectra at different pHs were determined (data not shown). The absorbance peak was at 540 nm at all the pH values between 6.5 and 8.0. The increased OD seen at higher pH is therefore a true reflection of increased formazan production and does not result from changes in the absorbence spectrum. Table I shows that the MTT assay consistently underestimates the growth inhibitory effects of IFN-a and IFN--y. This is true for all the cell lines investigated and with both IFNs. This paper describes the investigations carried out to explain this discrepancy. Figure 1 indicates that, after IFN treatment, most cell lines show an increase in the proportion of larger cells.
Discussion
Although some authors (Killander et al., 1976; Balkwill et al., 1978) have shown that IFNs cause major perturbations in cell cycle phase distribution only very slight differences were seen here.
As discussed in the Introduction, the MTT assay relies at least in part on the mitochondrial activity of the cells and it could therefore be argued that the larger cells seen after IFN treatment have increased formazan producing ability, i.e. increased mitochondrial activity, which could account for the discrepancy observed. This could be either due to the fact that larger cells have more mitochondria or that they have the same number of mitochondria but these have increased activity. The hypothesis ofincreased mitochondrial activity was investigated using 123Rh, a mitochondrial specific dye. '23Rh is a cationic fluorescent (red) dye which is selectively taken up by living cells (Johnson et al., 1980) . Uptake is dependent on high mitochondrial potential (Johnson et al., 1981) and loss of '23Rh uptake indicates the impairment of mitochondrial function and possibly cessation of respiratory activity (Bernal et al., 1982) . Therefore, it can be said that accumulation of '23Rh in cells is an indication of the mitochondrial/respiratory activity of cells. It has been used by others in conjunction with flow cytometry to investigate the respiratory activity of cells (Martinez et al., 1986) .
A 40% increase in mitochondrial activity of IFN-y treated cells compared to control cells was seen for COR-L23 and 20% for POC. There is indeed increased mitochondrial activity after IFN treatment. However, with NCI-H69 very little increase was seen. This cell line responds poorly to IFN-y (Table I) and only shows slight increase in cell size in comparison to COR-L23 after IFN-y treatment. The observed increase in mitochondrial activity seen in cells responsive to IFN-y may therefore contribute to increased formazan production per cell.
The experiments to study medium effects show that formazan production by cells is less efficient when carried out in medium which has supported cellular growth for several days (old medium). Also, the efficiency falls with the age of the medium, less fall is seen with medium from IFN treated cells due to the fact that less growth has occurred in such cultures, and there has therefore been less 'conditioning' of the medium.
Investigation of the 'conditioning' has shown that changes in glucose content between media taken from control or cells with IFNs do not appear to be important, but that changes in the pH of medium produce significant differences in formazan production. However, when the medium pH is adjusted, differences still remain betwen 'old' and 'fresh' medium, and therefore additional factors are involved which were not investigated here.
It has become quite common to see in the literature the use of the MTT assay for chemosensitivity testing (Ruben & Neubaeur, 1987; Carmichael et al., 1987 ) and this assay is systematically being used by the USA National Cancer Institute for large scale screening of potential new drugs (Alley et al., 1988) . The MTT assay has many advantages, the main one being its speed due to its simplicity; it is relatively easy to set up and does not require a great deal of training. The fact that it is semi-automated and that the multiwell plates are used allows many combinations and permutations to be investigated without using too many resources. Colorimetric assays like this are very useful for screening of many cell lines in their response to many cytotoxics or to combinations.
However, errors can be made with this assay, which does in fact underestimate the growth inhibitory effects of IFNs and presumably other compounds. The major contributory factor to this discrepancy is reduced formazan production in medium which has supported cell growth for several days and this is specifically true of control cells. Changes in cell size and mitochondrial activity of IFN treated cells also make an additional contribution to this phenomenon. One way to overcome this artefact would be to change the medium in which the cells have been growing for fresh medium on the day of the MTT assay. This would give a result similar to that obtained by cell counts (Figure 5 ). However, even if this procedure had been used here to investigate IFN effects, the problem of increased mitochondrial activity in IFN treated cells would remain. It is clear therefore that had the MTT assay been used alone in this study there would apparently have been practically no growth inhibition with IFNs, i.e. a false negative result would have been obtained. Clearly, the extent to which these potential artefacts operate will depend upon the precise conditions of the MTT assay and the drugs being studied. It is undisputably necessary to be aware of them, however, as they can potentially lead to major inaccuracies in estimates of growth inhibition.
